Event-plane dependent dihadron correlations with harmonic $v_n$
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STAR measurements of dihadron azimuthal correlations (∆φ) are reported in mid-central (20-
60%) Au+Au collisions at
√
sNN = 200 GeV as a function of the trigger particle’s azimuthal angle
relative to the event plane, φs = |φt − ψEP|. The elliptic (v2), triangular (v3), and quadratic (v4)
flow harmonic backgrounds are subtracted using the Zero Yield At Minimum (ZYAM) method.
The results are compared to minimum-bias d+Au collisions. It is found that a finite near-side
(|∆φ| < pi/2) long-range pseudorapidity correlation (ridge) is present in the in-plane direction
(φs ∼ 0). The away-side (|∆φ| > pi/2) correlation shows a modification from d+Au data, varying
with φs. The modification may be a consequence of pathlength-dependent jet-quenching and may
lead to a better understanding of high-density QCD.
PACS numbers: 25.75.-q, 25.75.Dw53
3The hot and dense QCD matter created in heavy-ion1
collisions at the Relativistic Heavy-Ion Collider (RHIC)2
of Brookhaven National Laboratory reveals properties of3
a nearly perfect fluid of strongly interacting quarks and4
gluons [1]. These properties include strong elliptical az-5
imuthal emission as large as hydrodynamical prediction6
relative to the initial geometry eccentricity [2], and strong7
attenuation of high transverse momentum (pT ) parti-8
cles due to jet-medium interactions (jet-quenching) [3, 4].9
The energy lost at high pT must be redistributed to lower10
pT particles [5]. The distribution of those particles rel-11
ative to a high-pT trigger particle can therefore provide12
information about the nature of the QCD interactions.13
The magnitude of the effect from jet-medium inter-14
actions should depend on the pathlength the jet tra-15
verses [3]. This pathlength dependence may be studied16
in non-central heavy-ion collisions [6], where the trans-17
verse overlap region between the two colliding nuclei is18
anisotropic. The short-axis direction of the overlap re-19
gion may be estimated by the direction of the most prob-20
able particle emission [7]. The estimated direction to-21
gether with the beam axis is called the event plane (EP),22
and is a proxy for the initial geometry participant plane23
(ψ2) [8]. By selecting the trigger particle’s azimuth rela-24
tive to the event plane, φs = |φt − ψEP|, one effectively25
selects different average pathlengths through the medium26
that the away-side jet traverses, providing differential in-27
formation unavailable to inclusive jet-like dihadron cor-28
relation measurements.29
In this work, non-central 20-60% Au+Au collisions at30
the nucleon-nucleon center of mass energy of
√
sNN =31
200 GeV are analysed [9, 10]. As a reference inclusive32
dihadron correlation data from minimum bias d+Au col-33
lisions, which include cold nuclear matter effects, are pre-34
sented. (The minimum bias d+Au and p+p data are sim-35
ilar [4, 5].) The Au+Au and d+Au data were taken by36
the STAR experiment at RHIC in 2004 and 2003, respec-37
tively. The details of the STAR experiment can be found38
in Ref. [11]. The main detector used for this analysis39
is the Time Projection Chamber (TPC) [12], residing in40
a solenoidal magnet (0.5 Tesla magnetic field along the41
beam-axis). Events with a primary vertex within ±30 cm42
of the TPC center are used. The Au+Au centrality is de-43
fined by the measured charged particle multiplicity in the44
TPC within |η| < 0.5 [13]. Tracks are used if they are45
composed of at least 20 hits and 51% of the maximum46
possible hits and extrapolate to within 2 cm of the pri-47
mary vertex. The same event and track cuts are applied48
to particle tracks used for event-plane reconstruction and49
for the correlation analysis.50
Particles with pT < 2 GeV/c are used to determine51
the second-order harmonic event plane to ensure good52
event-plane resolutions. To avoid self-correlations, parti-53
cles from the pT bin used in the correlation analysis (e.g.,54
1 < p
(a)
T < 1.5 GeV/c) are excluded from EP reconstruc-55
tion [10]. Nonflow correlations [14], such as dijets, can56
influence the EP determination. To reduce this effect,57
particles within |∆η| = |η − ηtrig| < 0.5 from the trigger58
particle are excluded from the EP reconstruction in this59
analysis [10]. This is called the modified reaction-plane60
(MRP) method [15]. The traditional EP method, on the61
other hand, does not exclude those particles in the vicin-62
ity of the trigger particle in η. Remaining possible biases63
due to trigger-EP correlations may be estimated by com-64
paring results relative to the EP reconstructed from these65
two methods. The results are found to be quantitatively66
similar which suggests that such biases may be small [10].67
Dihadron correlations are analyzed for pairs within68
pseudorapidity |η| < 1. The trigger particle pT range69
is 3 < p
(t)
T < 4 GeV/c. Two associated particle pT bins,70
1 < p
(a)
T < 1.5 GeV/c and 1.5 < p
(a)
T < 2 GeV/c, are71
analyzed and then added together in the final results.72
These choices of pT ranges are motivated by the expec-73
tation of significant jet contributions and the need for74
reasonable statistics [10]. The data are divided into six75
equal-size slices in φs and analyzed in azimuthal angle76
difference (∆φ) and pseudorapidity difference (∆η) be-77
tween associated and trigger particle. The associated78
particle yields are corrected for single-particle track re-79
construction efficiency which is obtained from embedding80
simulated tracks into real events [16]. The detector non-81
uniformity in ∆φ is corrected by the event-mixing tech-82
nique, where the trigger particle from one event is paired83
with associated particles from another event with ap-84
proximately matching primary vertex position and event85
multiplicity [5, 10]. The two-particle acceptance in ∆η,86
approximately triangle-shaped, is not corrected for [5].87
The correlation function is normalized by the number of88
trigger particles in its corresponding φs bin.89
Figure 1 shows the raw azimuthal correlations as a90
function of φs. A cut of |∆η| > 0.7 is applied on the91
pseudorapidity difference between the trigger and associ-92
ated particles in order to minimize the near-side jet con-93
tributions [10]. The overall systematic uncertainty on the94
raw correlation functions is 5%, dominated by that in the95
efficiency correction.96
Particles from the underlying event are uncorrelated97
with the trigger particle (and the corresponding jet), and98
follow the non-uniform distribution pattern in ∆φ defined99
by the anisotropic flow. This background has to be re-100
moved in order to study jet-like correlations. The major101
background contribution comes from elliptic flow (v2).102
However, quadratic flow (v4) correlated to ψ2 can also103
have a sizable contribution [17]. Due to fluctuations in104
the initial overlap geometry [8], finite odd harmonic flows,105
particularly triangular flow (v3) can also contribute [18].106
Such odd harmonics are reproduced in transport mod-107
els AMPT (A Multi-Phase Transport) [19] and UrQMD108
(Ultra-relativistic Quantum Molecular Dynamics) [20],109
as well as in event-by-event hydrodynamic calculations110
with hot spots [21] or incorporating initial geometry fluc-111
tuations [22]. The measured v3 by both the event-plane112
and two-particle cumulant methods at RHIC [23, 24] are113
qualitatively consistent with hydrodynamic calculations.114























































Au+Au 200 GeV, 20-60%, 3<p
FIG. 1: (Color online) Raw dihadron ∆φ correlations (data points) as a function of φs = |φt −ψEP|, with a cut on the trigger-
associated pseudo-rapidity difference of |∆η| > 0.7. The triangle two-particle ∆η acceptance is not corrected. Statistical
errors are smaller than the symbol size; systematic uncertainty is 5% (not shown). The curves are flow modulated ZYAM















3 cos 3∆φ+ 2v
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4 {ψ2} are the associated particles’ second2





4 {ψ2} are the average harmonics of the trigger4
particles, v
(t,φs)
n = 〈cosn(φt − ψ2)〉(φs), where the aver-5
ages are taken over the slice around φs as φs − pi/24 <6
|φt − ψEP| < φs + pi/24. Since the triangularity orienta-7
tion is random relative to ψ2, the triangular flow back-8





trigger and associated particle triangular flows. The last10
term in Eq. (1) arises from v4 fluctuations uncorrelated11
to ψ2 (see below). Higher-order harmonic flows are neg-12
ligible [10].13
Eq. (1) does not include the first order harmonic, v1.14
The effect of directed flow, rapidity-odd due to collec-15
tive sidewards deflection of particles, is small and can be16
neglected [25]. It has been suggested [26] that v1 fluctua-17
tion effects (sometimes called rapidity-even v1) may not18
be small due to initial geometry fluctuations. Prelimi-19
nary data [27] indicate that the dipole fluctuation effect20
changes sign at pT ≈ 1 GeV/c, negative at lower pT and21
positive at higher pT . For p
(a)
T = 1-2 GeV/c used in this22
analysis, the dipole fluctuation effect is approximately23
zero and may be neglected. Note that the possible effect24
of statistical global momentum conservation can gener-25
ate a negative dipole. However, this is considered as part26
of the correlation signal, just as momentum conservation27
by any other mechanisms, for example dijet production.28
The flow correlated background given by Eq. (1)29
is shown in Fig. 1 as solid curves. The back-30
ground curves have been normalized assuming that the31
background-subtracted signal has Zero Yield At Mini-32
mum (ZYAM) [5, 28]. An alternative approach that has33
been used to describe dihadron correlation data treats34
the anisotropic flow modulations as free parameters in35
a multi-parameter model fit to the dihadron correlation36
functions in 2-dimensional ∆η-∆φ space [29]. A detailed37
discussion can be found in Ref. [10].38
The major systematic uncertainties on the results re-39
ported here come from uncertainties in the determina-40
tion of the anisotropic flows. Two v2 measurements41
are used [7]. One is the two-particle cumulant v2{2}42
which overestimates elliptic flow due to nonflow contam-43
inations. A major component of nonflow comes from44
correlated pairs at small opening angle [29]. To sup-45
press nonflow, a pseudo-rapidity η-gap (ηgap) of 0.7 is46
applied between the particle of interest and the refer-47
ence particle used in the v2{2} measurement. However,48
away-side two-particle correlations, such as those due49
to di-jets, cannot be eliminated. The other measure-50
ment is the four-particle cumulant v2{4} which under-51
estimates elliptic flow because the flow fluctuation effect52
in v2{4} is negative [30]. The range between v2{2} and53
v2{4} is therefore treated as a systematic uncertainty,54
as in Refs. [5], and their average is used as the best55
estimate for v2. v3 and v4 are obtained by the two-56
particle cumulant method [10, 24] with ηgap = 0.7, as57
for v2{2}. Since v3{2} decreases with ∆η [24], the v3{2}58
represents the maximum flow for the correlation func-59
tions at |∆η| > 0.7. The v4{ψ2} is parameterized [15]60
by v4{ψ2} = 1.15v22. The ψ2-uncorrelated V4{uc} is ob-61
tained as
√
v4{2}2 − v4{ψ2}2, and is found to be negli-62



































































Au+Au 200 GeV, 20-60%, 3<p
FIG. 2: (Color online) Background-subtracted dihadron ∆φ correlations as a function of φs = |φt − ψEP|, with a cut on the
trigger-associated pseudo-rapidity difference of |∆η| > 0.7. The triangle two-particle ∆η acceptance is not corrected. Flow
background is subtracted by Eq. (1). Systematic uncertainties due to flow subtraction are shown as black histograms enclosing
the shaded area; those due to the ZYAM normalization are shown in the horizontal shaded band around zero. Statistical errors
are smaller than the point size. For comparison, the inclusive dihadron correlations from d+Au collisions are superimposed as
the green histogram with statistical errors.
ysis [10]. The vn values used in the flow background64
subtraction are tabulated in Ref. [10].65
Another major source of systematic uncertainties66
comes from background normalization by ZYAM. This1
is assessed by varying the size of the normalization range2
in ∆φ between pi/12 and pi/4 (default is pi/6), similar to3
what was done in Ref. [5]. The ZYAM assumption likely4
gives an upper limit to the background from the underly-5
ing event. To estimate this effect, two ZYAM background6
levels are obtained from correlation functions at posi-7
tive φt − ψEP and negative φt − ψEP respectively. Those8
ZYAM backgrounds are always lower than the default B9
from ZYAM of the combined correlation function. The10
difference is treated as an additional, one-sided system-11
atic uncertainty onB. The different sources of systematic12
uncertainties on B are added in quadrature.13
Figure 2 shows the background-subtracted dihadron14
correlations as a function of φs. The black histograms15
enclosing the shaded area indicate the systematic uncer-16
tainties due to anisotropic flow. The horizontal shaded17
band around zero indicates the systematic uncertainties18
due to ZYAM background normalization. For compar-19
ison the minimum-bias d+Au inclusive dihadron corre-20
lation (without differentiating with respect to an “event21
plane”) is superimposed in each panel in Fig. 2. For both22
Au+Au and d+Au, a cut of |∆η| > 0.7 is applied be-23
tween the trigger and associated particles to minimize the24
near-side jet contributions. As seen in Fig. 2, the near-25
side correlations are mostly consistent with zero within26
systematic uncertainties. Previous dihadron correlations27
without v3 subtraction have shown a near-side correla-28
tion at large ∆η in heavy-ion collisions [5, 31], called the29
ridge, suggesting the ridge appears to be mainly due to30
v3. However, there appears a finite ridge remaining for31
in-plane trigger particles (φs < 15
◦) beyond the maxi-32
mum flow subtraction.33
Unlike the near side, the away-side correlation is finite34
for all φs. The correlation structure evolves with trigger35
particles moving from the in-plane to the out-of-plane di-36
rection. The away-side correlation is single peaked, sim-37
ilar to d+Au results, for in-plane trigger particles and38
appears to be significantly broadened or double-peaked39
for out-of-plane trigger particles.40
The effect of a φs-dependent v2 is investigated [10] and41
found to eliminate the ridge correlation entirely. How-42
ever, the exercise does not reveal the physics mechanism43
of the possible ridge because the φs-dependent v2 is a44
manifestation of a φs-dependent ridge, and vice versa.45
Even with the subtraction of a φs-dependent v2, the46
away-side structure remains robust [10]. The possible47
bias in event-plane reconstruction by the trigger parti-48
cle and its associated (away-side) particles is investigated49
and is unlikely to be the cause of the observed away-side50
structure [10].51
To study the structure of the large ∆η correlation func-52
tions quantitatively, the data are fit with two away-side53
Gaussian peaks symmetric about ∆φ = pi, a near-side54
Gaussian at ∆φ = 0 for the ridge, and a back-to-back55
Gaussian at ∆φ = pi (referred to as away-side ridge) with56


































where the Gaussians are repeated with period of 2pi. The58
magnitudes of the ridge Gaussians are allowed to vary in-59
dependently according to the data. The fit parameters60
are shown in Fig. 3 as a function of φs. The data points61
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FIG. 3: (Color online) Parameters of four-Gaussian fit to the
background subtracted dihadron correlations at |∆η| > 0.7
as a function of φs. The near-side (NS) jet-like correlation
results are also shown; they are obtained by the difference
in ∆φ correlations at small and large ∆η from Ref. [10]. (a)
Correlated yields where the NS jet-like (|∆η| < 0.7) and ridge
(|∆η| > 0.7) yields are obtained from bin counting within
|∆φ| < 1; (b) Gaussian peak widths in ∆φ; and (c) The away-
side (AS) double-peak Gaussian centroid. For comparison
the centroid from a two-Gaussian fit to the AS correlation
(|∆φ| > 0.7) is shown for the four out-of-plane slices. Error
bars are statistical only. The curves correspond to the results
with maximum flow subtraction by the two-particle cumulant
method, which indicate the systematics.
are results with default v2 subtraction and the curves are62
the corresponding results with the maximum flow sub-63
traction by the two-particle cumulant v2{2}. Both have64
subtracted the v3 background using the two-particle cu-1
mulant v3{2}. The curves, thus, indicate the results with2
the maximum systematic uncertainty on one side.3
Figure 3(a) shows the Gaussian peak areas of the dif-4
ferent correlation components. As a comparison, also5
shown is the jet-like yield at small ∆φ and ∆η obtained6
by the difference between ∆φ correlations at small and7
large ∆η [10]. The near-side jet-like (|∆η| < 0.7) and8
ridge (|∆η| > 0.7) yields are obtained from bin counting9
within |∆φ| < 1. The bin counting and the fit results10
are consistent. Because the jet-like ∆η correlation width11
is approximately 0.35 (also see Fig. 3(b)), contributions12
from the tails of the jet-like correlation beyond 0.7 in ∆η13
are negligible. As seen from Fig. 3(a), the near-side ridge14
is mostly consistent with zero except in the in-plane di-15
rection where a finite ridge beyond the maximum flow16
systematics seems to be present. The away-side ridge is17
larger than the near-side ridge at all φs. The double-18
peak strength appears to increase with φs; for in-plane19
triggers, where the away-side is single-peaked, there ex-20
ists a double-peak component if the ∆φ ∼ pi region is21
populated by a Gaussian of the same width as the near-22
side ridge.23
Fig. 3(b) shows the Gaussian fit widths. The widths24
do not seem to depend on φs, however, the present sys-25
tematic uncertainties are large. Fig. 3(c) shows the fitted26
double-peak Gaussian centroid in filled circles. For the27
four large φs bins where the away-side double-peak is ob-28
servable, the peak location is far removed from pi, almost29
at pi/2 and 3pi/2. The away-side correlation can also be30
well fit by only two Gaussians symmetric about ∆φ = pi31
(without the back-to-back ridge). The fitted double peak32
positions for the four out-of-plane slices are shown in33
open circles. The double-peak correlation structure has34
been observed before where v3 contributions were not35
subtracted [5, 32]. Whether it is an effect of medium ex-36
citation by jet-medium interactions over the long away-37
side pathlength, such as Mach-cone formation [33], re-38
mains an open question. There also can be deflection of39
away-side correlated particles by the collective flow of the40
medium, especially in the direction perpendicular to the41
reaction plane [34]. Deflection of correlated particles may42
have already been seen in three-particle correlations [35]43
where the diagonal peak is stronger than the off-diagonal44
peak whereas the unsubtracted v3 (and possible Mach-45
cone emission) should yield the same strength for those46
peaks. However, in jet-hadron correlations where the47
trigger jet has significantly larger energy than the trig-48
ger particle in this analysis, no deflection of associated49
particles is observed [36].50
In summary, dihadron azimuthal correlations at pseu-51
dorapidity difference |∆η| > 0.7 are reported by the52
STAR experiment for trigger and associated particle pT53
ranges of 3 < p
(t)
T < 4 GeV/c and 1 < p
(a)
T < 2 GeV/c54
in non-central 20-60% Au+Au collisions as a function of55
the trigger particle azimuthal angle relative to the event56
plane, φs = |φt − ψEP|. Anisotropic v2, v3, and v4 flow57
backgrounds are subtracted using the Zero Yield At Min-58
imum (ZYAM) method, where the maximum flow param-59
eters are obtained from two-particle cumulant measure-60
ments with η-gap of 0.7. Minimum-bias d+Au collision61
data are presented for comparison. The background sub-62
tracted dihadron correlations are found to be modified in63
7Au+Au collisions relative to d+Au; the modification de-64
pends on φs. The near-side ridge previously observed in65
heavy-ion collisions may be largely due to triangular flow66
v3; After v3 subtraction, however, a finite residual ridge1
may still be present for in-plane trigger particles. The2
away-side dihadron correlation broadens from in-plane to3
out-of-plane, and appears to be double-peaked for out-of-4
plane trigger particles. The trends of the away-side mod-5
ification may underscore the importance of pathlength-6
dependent jet-medium interactions, and should help fur-7
ther the current understanding of high-density QCD in8
relativistic heavy-ion collisions.9
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